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Breast tissue involution is a process in which the epithelial tissue of the mammary
gland gradually disappears with age. The relationship between breast tissue
involvement and breast cancer (BC) has received increasing amounts of
attention in recent years. Many scholars believe that breast tissue involution is
a significant risk factor for BC. Breast imaging parameters, particularly
mammographic density (MD), may indirectly reflect the degree of breast tissue
involution, which may provide a solid basis for classifying priority screening
groups for BC. This review explored the relationship between breast tissue
involution and BC by providing an overview of breast tissue involution and
elaborating on the association between MD and BC. Consistent with the
results of other studies, women with complete breast tissue involution had a
lower risk of BC, whereas women with a high MD had a relatively greater risk
of BC.
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1 Introduction

Breast cancer (BC) is one of the most common malignancies in women and is the
leading cause of morbidity, disability, and mortality in women worldwide (1). BC accounts
for one-quarter of cancer cases and one-sixth of cancer deaths among women, leading the
majority of countries in incidence and 110 countries in mortality (2, 3). Several risk factors
are associated with BC development, including age, menopausal status, number of births,
menopausal hormone therapy, and mammographic density (MD) (4); among these factors,
the relationship between breast tissue involution and BC has garnered massive amounts of
scholarly attention in recent years. Ginsburg et al. found that increased mammary gland
density and delayed breast involution are associated with an elevated risk of breast cancer
(5). Similarly, Radisky et al. demonstrated that stagnation of breast involution is a
significant predictor of increased breast cancer risk (6). Herein, we review the
relationship between breast tissue involution and BC.
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2 Composition, development and
involution of breast tissue

2.1 Basic composition of breast tissue

The mammary gland is a complex, branching tubular alveolar
structure that is a major feature of mammals (7). The human
breast has 15-20 lobes, each with many lobules containing alveoli,
the secretory structures of the breast. The lobules are the basic
building blocks of the mammary gland and include terminal ducts,
alveoli, and the interstitium within the lobules; this is also known
as the terminal duct lobular unit (TDLU) (8). TDLUs are
traditionally evaluated qualitatively and classified into four
lobule types: type 1 (least developed; <12 acini), type 2
(intermediate; ~50 acini), type 3 (fully developed; >80 acini),
and type 4 (occurring during pregnancy and lactation). TDLU
involution is a natural phenomenon that occurs with age as type 2
and 3 lobules regress to type 1 (9-11). TDLUs are the functional
milk-producing structures of the mammary gland and the origin
of most BC precursors and cancers (10). The lobules are
surrounded by stroma containing adipocytes, endothelial cells,
fibroblasts, and immune cells (12). These cells undergo extensive
morphogenesis and regeneration throughout the mammalian
life cycle.

2.2 Developmental process of breast tissue

The mammary gland is a highly dynamic organ that undergoes
profound changes during puberty and during the reproductive cycle
(13). The development of the mammary gland consists of four main
stages: embryonic, pubertal, adult, and reproductive. The mammary
gland is a highly dynamic organ, and from birth to puberty, itis in a
relatively static state. At the onset of puberty, the original basal
mammary epithelium expands rapidly to form an extensive ductal
network through branching, elongation, and infiltration of the
stroma (14). The mammary gland is under the influence of
estrogen. It develops rapidly under the action of estrogen, and
glandular lobule initiation gradually results in the formation of the
TDLU. Progesterone increases the size of glandular lobules, and
alveolar epithelial cells proliferate and undergo hypertrophic
differentiation into cells with secretory functions. The adult
mammary gland is stimulated by progesterone, and ductal
complexity increases through the lateral branches in response to
the cyclic estrous cycle (13). During pregnancy, ductal branches
expand from the TDLU to form alveoli (15). During lactation,
apical ductal epithelial cells synthesize and secrete milk proteins
into the lumen of the alveolus, and oxytocin causes the surrounding
myoepithelial cells to contract, transporting milk through the ductal

Abbreviations: BC, breast cancer; MD, mammographic density; TDLU, terminal
duct lobular unit; ARLI, age-related lobular involution; FGT, fibroglandular
tissue; BPE, background parenchymal enhancement; PMD, percent

mammographic density; IGF, insulin-like growth factor.
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tree to the nipple (16). When milk secretion ceases, whether due to
the absence of breastfeeding after birth or following weaning, the
mammary glands undergo atrophy (17). The elasticity of the female
mammary gland begins to decrease at approximately 25 years of
age, and the epidermis of the mammary gland begins to thin at
approximately 40 years of age, eventually leading to changes in the
morphology of the mammary gland (18). As women age, the breasts
become more elastic and undergo a variety of structural and
histological changes.

2.3 Involution of breast tissue

According to the concept of “breast tissue involution” proposed
by Pike et al, the breast epithelium and mesenchyme should be
affected by age, litter size, hormones, and other similar factors (19).
As women age, they enter the perimenopausal period. Ovarian
function then begins to decline from cyclic ovulation to intermittent
ovulation or no ovulation at all. During perimenopause, changes in
hormone levels in the female body are characterized by a decrease in
progesterone and a relative increase in estrogen; glandular elements
are gradually replaced by collagen and fat, resulting in fibrosis of the
lobules and interstitial fibrosis within the lobules characterized by
follicular epithelium (8). After menopause, in addition to the
continued decline in progesterone levels, estrogen levels also
begin to decrease. Both stromal and epithelial tissues are partially
replaced by adipose tissue. The Pike model suggests that breast
tissue degeneration occurs most rapidly at menarche, slows during
pregnancy, decelerates further in the perimenopausal period, and is
slowest after menopause (20). During lactation, the TDLUs develop
into secretory structures, producing milk and forming
lobuloalveolar structures, while surrounding adipocytes decrease
in number. During the post-lactation recovery phase, breast tissue
undergoes involution, with TDLUs returning to a pre-pregnancy
state and no cumulative loss of glandular tissue (21, 22). Age-related
lobular degeneration, or physiological atrophy of the mammary
glands, is a process in which the number and size of each
lobuloalveolar unit decrease, the interlobular stroma is replaced
by dense collagen, and, ultimately, adipose tissue replaces the
stroma (23).

With aging, the number and size of TDLUs and lobules in the
breast decrease, while adipose tissue significantly increases. This
phenomenon is referred to as age-related TDLU involution (ARLI)
(24). de Bel et al. found that breast tissue degeneration typically
begins around the age of 30, with 45.6% of women under 30
exhibiting varying degrees of degeneration. In women aged 40 to
49, approximately 73.7% showed signs of degeneration (25). In
most cases, nearly all lobular structures, which are the functional
units (Figure 1) of the breast, are lost during this involution process.
TDLUs are also the primary source of most breast cancer precursors
and cancers (10, 22). During involution, type 2 and type 3 lobules
degenerate into type 1 lobules. As a result, after menopause, type 1
lobules predominate, with type 3 lobules being relatively rare (9).
Studies suggest that women with type 1 lobules, which are fully
involuted, have a lower risk of breast cancer compared to women
with type 2 or type 3 lobules (26).

frontiersin.org


https://doi.org/10.3389/fonc.2025.1420350
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Li et al.

FIGURE 1
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General structure of the mammary gland. The mammary gland consists mainly of outer epidermal tissue, inner fat and glandular tissue. Changes in
mammary gland morphology during aging. With increasing age, the epidermis of the female breast continues to thin, the elasticity of the mammary
gland decreases, and the mammary gland matrix becomes soft and undergoes ptosis as it is replaced by fatty tissue.

3 Imaging of breast tissue
degeneration

With advances in radiomics and deep learning, structural
patterns of mammography can be quantitatively assessed and
incorporated into risk models (27). Currently, mammography is a
routine modality used in clinical practice for screening and diagnostic
purposes (28). In addition, in high-risk women with a high MD,
breast US and MRI have been demonstrated to detect occult cancers
with mammographic exposure, providing independent risk
indicators complementary to those of mammography (29).

3.1 Mammography

The appearance of the breast on a mammogram reflects the
amount of fat, connective tissue, and epithelial tissue in the breast
(30). Fat attenuates X-rays the least and appears black on
mammograms, whereas mesenchymal and epithelial cells are
dense tissues that attenuate X-rays more and appear white (5, 31).
The concept of MD was introduced based on the different
proportions of dense shadows in images (32). The decreases in
collagen, glandular, and nuclear areas with age; lobular involution;
and changes in MD are closely related phenomena, both of which
are similar to Pike’s theoretical concept of “breast tissue aging” (5).
Changes in MD are greater in younger, premenopausal women,
while postmenopausal women have relatively lower MD (8, 33).
MD grading based on the degree of MD is routinely used to
characterize breast parenchyma, and a high MD is associated with
a greater risk of BC (34). Accordingly, dense mammographic tissue
is a strong risk factor for BC (35).
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3.2 Breast ultrasound

Breast ultrasound can clearly reveal the milk ducts, fibrous
connective tissue, and fat of the breast and can also detect earlier
and smaller BC lesions in dense breast tissue (36). Sak et al. reported
a significant correlation between MD and ultrasound findings (37).
The glandular tissue component can be categorized as “low” or
“high” based on the fact that it constitutes 50% of the fibroglandular
tissue (FGT) in the breast. Glandular tissue composition was
moderately positively correlated with MD: the higher the MD
was, the greater the glandular tissue composition was. Studies
have demonstrated that the composition of ultrasound-generated
glandular tissue is negatively correlated with lobular involution of
normal background tissue. Consequently, a high glandular tissue
component reflects a large number of residual lobules and may
represent the risk of fibroadenous tissue in BC (38). Hou et al.
classified breast parenchyma into four types based on the different
compositions of ducts, fibroglandular tissue, and fat lobules:
heterogeneous type, ductal type, mixed type, and fibrous type
(39). Ductal-type glands predominate in young women, mixed-
type and fibrous-type glands predominate in middle-aged women,
fibrous-type glands predominate in older women, and
heterogeneous-type glands are observed in all age groups.
Heterogeneous- and fibrous-type glands were found to be linked
to BC risk. It has also been found that on mammography, the inner
diameter of the milk ducts gradually decreases or even disappears
with age, and the echoes gradually indicate a fibrous appearance
(40). Consequently, it is possible to stratify the glandular tissue
composition by ultrasound evaluation. The greater the glandular
tissue composition on breast ultrasound was, the lower the degree of
lobular regeneration and the greater the risk of BC.
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3.3 Magnetic resonance imaging

MRI provides high-quality images of fat and FGT, the target
tissues for MD measurement, based on three-dimensional imaging
(41). The ratio of FGT to background parenchymal enhancement
(BPE) in enhanced breast tissue correlates with BC risk. The FGT can
be considered the MRI equivalent of the MD, reflecting the stromal
and epithelial tissue components of breast tissue (42). On the other
hand, BPE is defined as the enhancement of a normal breast FGT on
breast MRI and is usually classified into the following four categories:
minimal, mild, moderate, and severe, regardless of MD (43-45).
Women with a high MD but minimal BPE do not have an increased
risk of BC, suggesting that BPE may be a more accurate predictor of
risk than MD alone (27, 46). King et al. also reported in their study
that moderate or severe BPE was correlated with a greater likelihood
of BC than minimal or mild BPE was (47-49). In addition, the
findings of Dontchos et al. corroborate the above reports that women
with moderate or significant BPE, as assessed by MRI, were nine
times more likely to develop BC than women with mild BPE were
(50). During normal aging, reproductive hormone levels decrease, a
finding that is associated with involution in individuals with TDLU.
Normal aging tends to decrease MD in women, and FGT is
significantly lower. As BPE fluctuates in response to hormone
levels, postmenopausal women have a significant decrease in both
BPE and FGT. BPE decreases more significantly than FGT (51, 52).
Conversely, abnormally high FGT or BPE in postmenopausal women
indicates an increased risk of BC.

4 MD and breast cancer

The MD, the amount of radiopaque FGT relative to radiolucent
adipose tissue on mammography, has been established as an
imaging biomarker of BC risk and incorporated into a risk
assessment model (38, 53). MD measurements are based on
dense breast area and percent mammographic density (PMD),
which is the percentage of dense breast area divided by total breast
area (54). Wolfe described the relationship between the qualitative
classification of MD and BC risk in 1976, and a large body of
literature has now demonstrated that MD is linked to an increased
risk of BC and is a distinct risk factor for BC (55, 56). Similarities
exist between MD and Pike’s model of breast tissue aging (57). The
model hypothesizes that the slowing of the rate of increase in age-
specific BC incidence after menopause is ascribable to a decrease in
the rate of breast tissue aging in postmenopausal women (58). In a
recent analysis of MD data, researchers observed that MD
decreased with age in premenopausal and postmenopausal
women, and this decrease was more pronounced during
menopause (20). Lokate et al. also reported that the percentage
of MDs decreased with age (59). This difference may be attributed
to the involution of the mammary gland, which is characterized by
a continuous decrease in epithelial and stromal cells and an
increase in adipose tissue (20, 60). Accordingly, less dense
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mammary glands degenerate more than denser mammary
glands, and a higher MD is associated with increased stroma and
decreased adiposity (61). Recently, there has been increased
research on the relationship between MD and BC, and several
studies have demonstrated that higher levels of MD are linked to a
greater likelihood of breast and interval cancers (62). Most
scientists also believe that dense breasts are a high risk factor for
BC development, and this risk relationship is more pronounced in
older postmenopausal women than in younger women (28).

PMD is also one of the strongest known risk factors for BC (63).
Both dense areas and PMD were positively correlated with the risk
of developing BC, with PMD being the stronger risk factor. A meta-
analysis by Pettersson et al. revealed that dense areas on
mammograms are associated with a reduced risk of BC (35).
PMD decreases with increasing age, whereas breast cancer
incidence increases with age (56, 64). As women age, the PMD
decreases on average, while the incidence of BC increases; these
findings are substantiated by the results of cross-sectional and
longitudinal studies. To explain this apparent anomaly, Boyd
et al. observed that in the model proposed by Pike to explain the
age-incidence curve for BC, the decrease in PMD with age parallels
the rate of senescence of breast tissue (54, 65, 66).

The 4th edition of the BI-RADS (Table 1) used percent density
to assess risk: almost entirely fatty (<25% glandular); scattered
(approximately 25-50% glandular); heterogeneously dense
(approximately 51-75% glandular); and extremely dense (>75%
glandular) density (67). A study by Boyd and McCormack et al.
concluded that women with dense tissue in 75% or more of the
breast have a risk of breast cancer four to six times greater than the
risk among women with little or no dense tissue (57, 68, 69).
Kavanaget et al. demonstrated that women with a high MD had a
fivefold greater risk of cancer than women with a low MD did (70).
According to the 5th edition of the BI-RADS (Table 1), the
classifications are as follows: (a) almost entirely fatty; (b) scattered
areas of fibroglandular density; (c) heterogeneously dense, which
may obscure the detection of small masses; and (d) extremely dense,
which lowers the sensitivity of mammography (71, 72). In general,
women with grade C or D breasts are considered to have “dense
breasts”. Researchers have shown that each 1% increase in MD
increases the risk of BC by 3% and that women in the highest
quintile of density change according to mammograms have a 3.6-
fold increased risk of BC (73). In addition, Boyd and coworkers
reported that women with a high MD had a 9.7-fold increased risk
of atypical hyperplasia compared with women with a low MD (74).
In contrast, women with a low MD, whose breast tissue was almost
entirely fat, had a relatively low risk of future BC regardless of the
histology of their breast biopsies (75). Accordingly, it appears that
women with a high MD have a greater risk of developing BC.
Additionally, the age-related decrease in MD may be due to
mammary gland involution accompanied by a continued decrease
in epithelial and stromal cells and an increase in adipose tissue. It
can be inferred that women with less TDLU involution have higher
levels of MD, i.e., a greater risk of BC.
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5 Breast tissue involution and breast
cancer

In addition, studies from the Mayo BBD cohort have reported
that an increase in the number of alveoli per lobule and the absence or
partial involution of lobules are linked to a greater risk of BC (76, 77).
The degree of TDLU involution with age has also been associated
with various BC risk factors, including full-term pregnancy,
breastfeeding (78), mammographic image density (79-81), and
circulating hormone levels (82, 83), suggesting that TDLU
involution may serve as a histologic marker of BC risk. Because
TDLU is a major source of BC and its precursors, age-related
decreases or delays in TDLU involution are associated with
increased BC risk (78, 84). Delayed involution, i.e., a decrease in
the rate or extent of reduction in the number and size of breast
lobules with age, also contributes to BC development (8). Although
postlactational involution usually has no pathological consequences,
dysregulation of tissue architecture and activation of tumor
microenvironmental features may also promote the growth of
precancerous cells present in the breast (85).

5.1 Postpartum breast involution

The postpartum breast involution process occurs in two stages.
The first stage is reversible and is characterized by the programmed
cell death of alveolar cells, while the lobular-alveolar structure is
preserved (86). After lactation ceases, transcription factor 3
(STAT3) is activated, and STAT3 regulates epithelial cell
apoptosis by activating pro-apoptotic Bcl-2 family members,
upregulating the PI3K inhibitory subunit, and downregulating
MAPK survival signals (87). Additionally, STAT3 mediates the
formation of triglyceride vacuoles, which induces lysosome-
mediated programmed cell death, thereby promoting the
involution process (88). Furthermore, the transforming growth
factor (TGF-B3) produced during milk stasis can promote
apoptosis. The second stage is irreversible, involving the
degradation of the basement membrane and extracellular matrix
(ECM) by proteases, breast remodeling, and the replacement of
epithelial cells due to the differentiation and proliferation of
adipocytes (89). Elder et al. discovered that SEMA7A may

10.3389/fonc.2025.1420350

activate 1 integrin signaling during this stage, providing pro-
survival mechanisms to overcome apoptosis (90).

Postpartum breast cancer (PPBC) refers to breast cancer
diagnosed within a period following pregnancy and delivery,
typically within one to ten years postpartum. It most commonly
occurs within five years after childbirth, particularly in the first two
years postpartum, when the incidence of breast cancer is notably
higher (91). Research indicates that breast involution caused by
weaning is a key driver of the increased incidence of breast cancer in
young parous women. For instance, Lyons et al. found that
postpartum breast involution promotes breast cancer progression
via collagen and cyclooxygenase-2 (COX-2) (92). Guo et al. further
showed that fibroblasts activated during involution (PDGFRo+
cells) promote PPBC and exhibit immunosuppressive activity
(93). Macrophages are key immune cells in the postpartum breast
remodeling process, and due to their role in tumor metastasis, they
may contribute to the high metastatic potential of PPBC. Classical
activated macrophages (M1 macrophages) typically inhibit tumor
growth, while M2 macrophages promote tumor cell growth,
invasion, and metastasis by secreting IL-10, TGF-f, and MMPs
(94). During the peak of postpartum breast tissue remodeling, the
number of M2 macrophages is six times higher than in non-
lactating breasts, which may play a role in the initiation and
progression of PPBC (95).

5.2 Age-related TDLU involution

With age, the mammary glands are affected by a number of
changes in hormone levels that may be related to a decline in
ovarian function. Normally, the levels of breast-related hormones
and insulin-like growth factor (IGF)-1 decline with age, which may
be linked to breast tissue involution (96). Zeina et al. examined the
effects of hormones on TDLU involution in normal tissue and
reported that in premenopausal women, high levels of oxytocin
were correlated with high TDLU counts, whereas high levels of
progesterone were associated with low TDLU counts. In contrast, in
postmenopausal women, high levels of estradiol and testosterone
were linked to high TDLU counts (97). Similarly, Khodr et al.
reported that elevated estradiol levels were associated with increased
TDLU counts after menopause, which is consistent with the
growth-promoting role of estrogen in breast development and has

TABLE 1 Categories of the American College of Radiology BI-RADS assessment of mammographic breast density.

BI-RADS, Edition and Category

1 Almost entirely fatty (<25% glandular)

2 Scattered densities (approximately 25%-50% glandular)

Breast Tissue Characteristics

4th edition

3 Heterogeneously dense (approximately 51%-75% glandular)

4 Extremely dense (>75% glandular)

Frontiers in Oncology
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5th edition
A The breasts are almost entirely fatty
B There are scattered areas of fibroglandular density

C The breasts are heterogeneously dense, which may
obscure small masses

D The breasts are extremely dense, which lowers the
sensitivity of mammography
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been identified as a risk factor for BC in postmenopausal women
(98). The findings of Fuhrman et al. are consistent with the above
findings, with women with higher levels of circulating estrogen after
menopause having a greater risk of BC (99). The potential
mechanism for this phenomenon is that when estrogen levels are
high, the risk of BC increases. The underlying mechanism is that
estrogen binds to the ER to promote cell proliferation and reduce
apoptosis, thereby maintaining high numbers of TDLUs in the
breast and increasing BC risk (100). This confirms the
characteristics of breast tissue involution, i.e., histologic loss of
epithelial cells available for malignant transformation, which
reduces the risk of BC (26, 77). In addition, growth hormone and
insulin-like growth factor (IGF)-1 levels decline with age and are
influenced by postmenopausal sex hormone changes (101). Rice
et al. suggested that high levels of IGF-1 may inhibit breast tissue
involution in women and increase the density of mammograms
(102). IGF-1 signaling may control immunosuppression and
cellular senescence through several links with STAT3 (Figure 2)
signaling (103). The STAT3 signaling pathway induces cellular
senescence through the STAT3/SOCS/p53 pathway (104, 105).
STAT3 induces the expression of SOCS proteins, which inhibit
the function of JAK/STATS3 signaling; for example, SOCS proteins
exert negative feedback on JAK/STAT3 signaling induced by
insulin/IGF-1 and certain cytokine pathways (106). As SOCS
proteins inhibit insulin/IGF-1 signaling, they may induce insulin
resistance, a condition known to be associated with aging.
Inflammation stimulates the JAK/STAT3 pathway and increases
the expression of SOCS proteins (107). IIS also plays a key role in

Insulin/IGF-1

~ - 4~
cyclin D-1
4 c-myc
o bel-2
Breast cancer proliferation

. § Bax
& anti-apoptosis

FIGURE 2
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promoting cell proliferation and inhibiting apoptosis (108).
Reduced IIS is a common feature of physiological senescence and
accelerated senescence (109). The IIS pathway not only plays a role
in organismal senescence but also plays a regulatory role in TDLU
involution. In particular, an increase in circulating IGF-1f is closely
related to involution in TDLU cells and can induce breast disease
during the aging process (110). Hormonal changes occur around
menopause, particularly a decrease in estrogen and progesterone
levels. Although the hormones associated with BC decrease with
age, these hormones may be replaced by other hormones during
aging, leading to an increased incidence of BC (111).

The proportion of mammary adipocytes increases with age,
leading to increased aromatase secretion, mammary epithelial cell
hyperplasia, and BC risk (112). With aging, the accumulation of
adipose tissue in the mammary gland in close proximity to BC
tissue may promote cancer cell growth and tumor metastasis by
secreting factors and nutrients (113). Mammary macrophages play
a pivotal role in the immune response, and their proportion
decreases with age, leading to inactivation of the immune
response and resulting in breast diseases such as mastitis,
fibroadenoma, and BC (114). In addition, several studies have
shown that highly expressed proinflammatory markers, such as
TNF-0, COX-2, IL-6, CRP, leptin, SAAI1, IL-8, and IL-10, are
negatively correlated with the degree of lobular involution.
Accordingly, high expression of breast inflammatory markers is
associated with decreased lobular involution, which may increase
the risk of BC (115). There have been conflicting findings regarding
breast involution and BC risk. Milanese and colleagues classified

Cytokines

Progress of STAT3 signaling pathways in breast tissue involution. The classical JAK/STAT3 pathway can activate the transcription of cyclin D-1,
c-myc, bcl-2 and Bax to promote proliferation and inhibit apoptosis in breast cancer. Activation of STAT3 signaling stimulates a negative feedback
response through the induction of SOCS factors, which inhibit the activity of both insulin/IGF-1 receptors and many cytokine receptors. Accordingly,
cytokine receptors can inhibit insulin/IGF-1 signaling through STAT3/SOCS signaling and induce insulin resistance.
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involution extent as none (0% involuted lobules), mild (1-24%),
moderate (25-74%), or complete (275%) and reported that
increased lobular involution was associated with a decreased risk
of breast cancer (77, 116). Figueroa and colleagues reported higher
TDLU counts (i.e., less involution) in women with lower BMI,
gestational age, or age at first birth (117). Kensler et al. reported
similar results to those of Figueroa and colleagues (10). In summary,
it was concluded that age at first birth, number of births, and birth
interval birth indices were also negatively correlated with TDLU
involution (118). Sherman et al. observed a positive correlation
between estradiol and testosterone levels and TDLU counts in
postmenopausal women (119). Pankratz et al. reported that
exposure to factors such as smoking, which can reduce the effects
of estrogen, was also associated with increased involution in
patients with TDLU (120). Overall, incomplete or delayed
involution of breast tissue has been linked to an increased
incidence of BC and may be related to hormonal imbalances in
the breast, such as abnormal levels of estradiol, testosterone,
circulating IGF-1, and proinflammatory cytokines. However, the
specific physiological mechanisms underlying the involution of the
TDLU are not fully understood and require further study.

6 Discussion and conclusions

As women age, their breasts undergo a series of biological
changes, including involution of TDLUs, an increase in MD and
fat pads, hormonal changes, and cellular transformations. These
changes are often associated with the development of breast-related
diseases (60). TDLU involution is a physiological aging process in
breast tissue characterized by a decrease in the epithelial component
of the breast (121). It is characterized by a decrease in the ductal
epithelium and is linked to the complexity and extent of the ductal
epithelium (24). In the human mammary gland, involution of the
TDLU with age results in a decrease in the TDLU size, total number
of TDLUs, and number of alveoli per TDLU (110, 117). Age-related
lobular involution differs from postlactational involution and is
characterized by marked apoptosis and morphologic changes.
Reduced age-related involution in the TDLU is negatively
associated with BC risk (97). The mammary gland normally
undergoes complete or near-complete physiologic atrophy, and
the incidence of cancer steadily increases with age. However,
these findings seem to contradict the conclusion that complete
age-related involution of mammary epithelial cells reduces BC risk
(77,122). The continued increase in BC risk with age may be linked
to the persistence of glandular epithelium beyond the normal time
of involution, reflecting an abnormal delay in the aging process of
the mammary gland (6, 122).

MD is a strong risk factor for breast cancer, and women with
dense tissue occupying more than 60%-75% of the breast have a
four- to sixfold-fold greater risk of breast cancer than women with
little or no density (68, 123). The current study showed that most
women without breast tissue involution have dense breasts.
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However, among women with complete lobular involution, the
proportion of women in each category of MD was quite similar.
One possible explanation is that in lobular involution, the atrophied
mammary gland epithelium is replaced first by mesenchyme and
later by adipose tissue. Consequently, complete involution with
dense tissue on mammograms may indicate that despite epithelial
atrophy, dense tissue reflects the contribution of stroma to MD
(123). The increasing proportion of adipose tissue in the breast with
age may be attributed to cytokines secreted by adipocytes that alter
the tumor microenvironment (124). In addition, excess adipose
tissue can form specific structures that can accelerate the conversion
of androgens to estrogens, thereby triggering the potential
development of BC (125).

In this review, we discuss the structure and development of
breast tissue, imaging manifestations, density changes, and changes
during involution. BC can originate from mammary epithelial cells,
and an increase in the proportion of epithelial cells with age is
correlated with BC incidence. Changes in the proportion of
mammary cells and related gene expression during involution are
strongly associated with an increased risk of BC. However, further
studies are needed to investigate the relationship between
involution-related breast diseases and changes in breast cells. In
conclusion, breast tissue involution and MD are risk factors for BC;
however, the relationship between these two conditions is still
debated. Total or near-total atrophy of the organ, which is usually
recognized as a factor associated with the increase in cancer
incidence with age, occurs in more than 80% of women aged >50
years (126). However, the hypothesis that lobular involution of the
mammary gland is a protective factor against BC seems to be
contradictory, and the underlying mechanism is yet unclear. There
is also a dearth of dynamic observational studies on the relationship
between accelerated and delayed involution of breast tissue and BC,
and whether differences exist between races requires further
investigation. The current findings confirm that the normal
involution of TDLU with age decreases the incidence of BC,
whereas abnormal involution and increased MD lead to an
increased incidence of BC; postpartum breast involution is also
associated with an increased risk of breast cancer in young women.
In addition, breast ultrasound, mammography, and breast MRI can
indirectly reflect the degree of breast tissue involution, which may
provide some basis for delineating the priority screening population
for BC.

Author contributions

WL: Conceptualization, Visualization, Writing — original draft,
Writing - review & editing. XZ: Writing - original draft, Writing -
review & editing. QH: Writing — original draft, Writing — review &
editing. CR: Writing - original draft, Writing — review & editing.
SG: Writing - original draft, Writing - review & editing. YL:
Writing - review & editing. XL: Funding acquisition, Project
administration, Resources, Supervision, Writing — review & editing.

frontiersin.org


https://doi.org/10.3389/fonc.2025.1420350
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Li et al.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. The present study was
supported by the National Natural Science Foundation of China
(grant no. 82274538, 81473687), The Natural Science Foundation of
Shandong Province (grant no. ZR2020MH357), and Shandong
Province Traditional Chinese Medicine Science and Technology
Project (grant no. 2021Z045); Tai’an Science and Technology
Innovation Development Project (grant no. 2020NS092).

Acknowledgments

This is a short text to acknowledge the contributions of specific
colleagues, institutions, or agencies that aided the efforts of the authors.

References

1. Ahmad A. Breast cancer statistics: recent trends. Adv Exp Med Biol. (2019)
1152:1-7. doi: 10.1007/978-3-030-20301-6_1

2. Ranganathan K, Singh P, Raghavendran K, Wilkins EG, Hamill JB, Aliu O, et al.
The global macroeconomic burden of breast cancer: implications for oncologic surgery.
Ann Surg. (2021) 274:1067-72. doi: 10.1097/SLA.0000000000003662

3. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin. (2021) 71:209-49. doi: 10.3322/
caac.21660

4. Brentnall AR, Cuzick J, Buist DSM, Bowles EJA. Long-term accuracy of breast
cancer risk assessment combining classic risk factors and breast density. JAMA Oncol.
(2018) 4:¢180174. doi: 10.1001/jamaoncol.2018.0174

5. Ginsburg OM, Martin L], Boyd NF. Mammographic density, lobular involution,
and risk of breast cancer. Br ] Cancer. (2008) 99:1369-74. doi: 10.1038/sj.bjc.6604635

6. Radisky DC, Visscher DW, Frank RD, Vierkant RA, Winham §, Stallings-Mann
M, et al. Natural history of age-related lobular involution and impact on breast cancer
risk. Breast Cancer Res Treat. (2016) 155:423-30. doi: 10.1007/s10549-016-3691-5

7. Biswas SK, Banerjee S, Baker GW, Kuo CY, Chowdhury I. The mammary gland:
basic structure and molecular signaling during development. Int J Mol Sci. (2022) 23.
doi: 10.3390/ijms23073883

8. Maskarinec G, Ju D, Horio D, Loo LW, Hernandez BY. Involution of breast tissue
and mammographic density. Breast Cancer Res. (2016) 18:128. doi: 10.1186/s13058-
016-0792-3

9. Baer HJ, Collins LC, Connolly JL, Colditz GA, Schnitt S], Tamimi RM. Lobule
type and subsequent breast cancer risk: results from the Nurses’ Health Studies. Cancer.
(2009) 115:1404-11. doi: 10.1002/cncr.24167

10. Kensler KH, Liu EZF, Wetstein SC, Onken AM, Luffman CI, Baker GM, et al.
Automated quantitative measures of terminal duct lobular unit involution and breast
cancer risk. Cancer Epidemiol Biomarkers Prev. (2020) 29:2358-68. doi: 10.1158/1055-
9965.EPI-20-0723

11. Wetstein SC, Onken AM, Luffman C, Baker GM, Pyle ME, Kensler KH, et al.
Deep learning assessment of breast terminal duct lobular unit involution: Towards
automated prediction of breast cancer risk. PloS One. (2020) 15:e0231653. doi: 10.1371/
journal.pone.0231653

12. Fu NY, Nolan E, Lindeman GJ, Visvader JE. Stem cells and the differentiation
hierarchy in mammary gland development. Physiol Rev. (2020) 100:489-523.
doi: 10.1152/physrev.00040.2018

13. Chen W, Wei W, Yu L, Ye Z, Huang F, Zhang L, et al. Mammary development
and breast cancer: a notch perspective. ] Mammary Gland Biol Neoplasia. (2021)
26:309-20. doi: 10.1007/s10911-021-09496-1

14. McNally S, Martin F. Molecular regulators of pubertal mammary gland
development. Ann Med. (2011) 43:212-34. doi: 10.3109/07853890.2011.554425

15. Hannan FM, Elajnaf T, Vandenberg LN, Kennedy SH, Thakker RV. Hormonal
regulation of mammary gland development and lactation. Nat Rev Endocrinol. (2023)
19:46-61. doi: 10.1038/s41574-022-00742-y

16. Inman JL, Robertson C, Mott JD, Bissell MJ. Mammary gland development: cell
fate specification, stem cells and the microenvironment. Development. (2015)
142:1028-42. doi: 10.1242/dev.087643

Frontiers in Oncology

10.3389/fonc.2025.1420350

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

17. Jindal S, Gao D, Bell P, Albrektsen G, Edgerton SM, Ambrosone CB, et al.
Postpartum breast involution reveals regression of secretory lobules mediated by tissue-
remodeling. Breast Cancer Res. (2014) 16:R31. doi: 10.1186/bcr3633

18. McGhee DE, Steele JR. Breast biomechanics: what do we really know? Physiol
(Bethesda). (2020) 35:144-56. doi: 10.1152/physiol.00024.2019

19. Pike MC, Krailo MD, Henderson BE, Casagrande JT, Hoel DG. [amp]]lsquo;
Hormonal’ risk factors, ‘breast tissue age’ and the age-incidence of breast cancer.
Nature. (1983) 303:767-70. doi: 10.1038/303767a0

20. Martin LJ, Boyd NF. Mammographic density. Potential mechanisms of breast
cancer risk associated with mammographic density: hypotheses based on
epidemiological evidence. Breast Cancer Res. (2008) 10:201. doi: 10.1186/bcr1831

21. Hennighausen L, Robinson GW. Signaling pathways in mammary gland
development. Dev Cell. (2001) 1:467-75. doi: 10.1016/s1534-5807(01)00064-8

22. Russo J, Russo IH. Development of the human breast. Maturitas. (2004) 49:2-15.
doi: 10.1016/j.maturitas.2004.04.011

23. Ghosh K, Hartmann LC, Reynolds C, Visscher DW, Brandt KR, Vierkant RA,
et al. Association between mammographic density and age-related lobular
involution of the breast. J Clin Oncol. (2010) 28:2207-12. doi: 10.1200/
JCO.2009.23.4120

24. Radisky DC, Hartmann LC. Mammary involution and breast cancer risk:
transgenic models and clinical studies. ] Mammary Gland Biol Neoplasia. (2009)
14:181-91. doi: 10.1007/s10911-009-9123-y

25. de Bel T, Litjens G, Ogony J, Stallings-Mann M, Carter JM, Hilton T, et al.
Automated quantification of levels of breast terminal duct lobular (TDLU)
involution using deep learning. NPJ Breast Cancer. (2022) 8:13. doi: 10.1038/
s41523-021-00378-7

26. Hanna M, Dumas I, Jacob S, Tetu B, Diorio C. Physical activity, mammographic
density, and age-related lobular involution among premenopausal and postmenopausal
women. Menopause. (2015) 22:964-75. doi: 10.1097/GME.0000000000000433

27. Acciavatti R], Lee SH, Reig B, Moy L, Conant EF, Kontos D, et al. Beyond breast
density: risk measures for breast cancer in multiple imaging modalities. Radiology.
(2023) 306:€222575. doi: 10.1148/radiol.222575

28. Shawky MS, Huo CW, Henderson MA, Redfern A, Britt K, Thompson EW. A
review of the influence of mammographic density on breast cancer clinical and
pathological phenotype. Breast Cancer Res Treat. (2019) 177:251-76. doi: 10.1007/
§10549-019-05300-1

29. Kim WH, Moon WK, Kim SJ, Yi A, Yun BL, Cho N, et al. Ultrasonographic
assessment of breast density. Breast Cancer Res Treat. (2013) 138:851-9. doi: 10.1007/
510549-013-2506-1

30. Tamimi RM, Byrne C, Colditz GA, Hankinson SE. Endogenous hormone levels,
mammographic density, and subsequent risk of breast cancer in postmenopausal
women. ] Natl Cancer Inst. (2007) 99:1178-87. doi: 10.1093/jnci/djm062

31. Nazari SS, Mukherjee P. An overview of mammographic density and its
association with breast cancer. Breast Cancer. (2018) 25:259-67. doi: 10.1007/
§12282-018-0857-5

32. Bodewes FTH, van Asselt AA, Dorrius MD, Greuter MJW, de Bock GH.
Mammographic breast density and the risk of breast cancer: A systematic review and
meta-analysis. Breast. (2022) 66:62-8. doi: 10.1016/j.breast.2022.09.007

frontiersin.org


https://doi.org/10.1007/978-3-030-20301-6_1
https://doi.org/10.1097/SLA.0000000000003662
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1001/jamaoncol.2018.0174
https://doi.org/10.1038/sj.bjc.6604635
https://doi.org/10.1007/s10549-016-3691-5
https://doi.org/10.3390/ijms23073883
https://doi.org/10.1186/s13058-016-0792-3
https://doi.org/10.1186/s13058-016-0792-3
https://doi.org/10.1002/cncr.24167
https://doi.org/10.1158/1055-9965.EPI-20-0723
https://doi.org/10.1158/1055-9965.EPI-20-0723
https://doi.org/10.1371/journal.pone.0231653
https://doi.org/10.1371/journal.pone.0231653
https://doi.org/10.1152/physrev.00040.2018
https://doi.org/10.1007/s10911-021-09496-1
https://doi.org/10.3109/07853890.2011.554425
https://doi.org/10.1038/s41574-022-00742-y
https://doi.org/10.1242/dev.087643
https://doi.org/10.1186/bcr3633
https://doi.org/10.1152/physiol.00024.2019
https://doi.org/10.1038/303767a0
https://doi.org/10.1186/bcr1831
https://doi.org/10.1016/s1534-5807(01)00064-8
https://doi.org/10.1016/j.maturitas.2004.04.011
https://doi.org/10.1200/JCO.2009.23.4120
https://doi.org/10.1200/JCO.2009.23.4120
https://doi.org/10.1007/s10911-009-9123-y
https://doi.org/10.1038/s41523-021-00378-7
https://doi.org/10.1038/s41523-021-00378-7
https://doi.org/10.1097/GME.0000000000000433
https://doi.org/10.1148/radiol.222575
https://doi.org/10.1007/s10549-019-05300-1
https://doi.org/10.1007/s10549-019-05300-1
https://doi.org/10.1007/s10549-013-2506-1
https://doi.org/10.1007/s10549-013-2506-1
https://doi.org/10.1093/jnci/djm062
https://doi.org/10.1007/s12282-018-0857-5
https://doi.org/10.1007/s12282-018-0857-5
https://doi.org/10.1016/j.breast.2022.09.007
https://doi.org/10.3389/fonc.2025.1420350
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Li et al.

33. Mandelson MT, Oestreicher N, Porter PL, White D, Finder CA, Taplin SH, et al.
Breast density as a predictor of mammographic detection: comparison of interval- and
screen-detected cancers. J Natl Cancer Inst. (2000) 92:1081-7. doi: 10.1093/jnci/
92.13.1081

34. Kontos D, Winham §J, Oustimov A, Pantalone L, Hsieh MK, Gastounioti A,
et al. Radiomic phenotypes of mammographic parenchymal complexity: toward
augmenting breast density in breast cancer risk assessment. Radiology. (2019)
290:41-9. doi: 10.1148/radiol.2018180179

35. Pettersson A, Graff RE, Ursin G, Santos Silva ID, McCormack V, Baglietto L,
et al. Mammographic density phenotypes and risk of breast cancer: a meta-analysis. ]
Natl Cancer Inst. (2014) 106. doi: 10.1093/jnci/dju078

36. Guo R, Lu G, Qin B, Fei B. Ultrasound imaging technologies for breast cancer
detection and management: A review. Ultrasound Med Biol. (2018) 44:37-70.
doi: 10.1016/j.ultrasmedbio.2017.09.012

37. Sanabria SJ, Goksel O, Martini K, Forte S, Frauenfelder T, Kubik-Huch RA, et al.
Breast-density assessment with hand-held ultrasound: A novel biomarker to assess
breast cancer risk and to tailor screening? Eur Radiol. (2018) 28:3165-75. doi: 10.1007/
500330-017-5287-9

38. Lee SH, Moon WK. Glandular tissue component on breast ultrasound in dense
breasts: A new imaging biomarker for breast cancer risk. Korean ] Radiol. (2022)
23:574-80. doi: 10.3348/kjr.2022.0099

39. Hou XY, Niu HY, Huang XL, Gao Y. Correlation of breast ultrasound
classifications with breast cancer in chinese women. Ultrasound Med Biol. (2016)
42:2616-21. doi: 10.1016/j.ultrasmedbio.2016.07.012

40. Bao Z, Zhao Y, Chen S, Chen X, Xu X, Wei L, et al. Evidence and assessment of
parenchymal patterns of ultrasonography for breast cancer detection among Chinese
women: a cross-sectional study. BMC Med Imaging. (2021) 21:152. doi: 10.1186/
512880-021-00687-0

41. Moon WK, Chang JF, Lo CM, Chang JM, Lee SH, Shin SU, et al. Quantitative
breast density analysis using tomosynthesis and comparison with MRI and digital
mammography. Comput Methods Programs BioMed. (2018) 154:99-107. doi: 10.1016/
j.cmpb.2017.11.008

42. Albert M, Schnabel F, Chun J, Schwartz S, Lee J, Klautau Leite AP, et al. The
relationship of breast density in mammography and magnetic resonance imaging in
high-risk women and women with breast cancer. Clin Imaging. (2015) 39:987-92.
doi: 10.1016/j.clinimag.2015.08.001

43. Kim MY, Choi N, Yang JH, Yoo YB, Park KS. Background parenchymal
enhancement on breast MRI and mammographic breast density: correlation with
tumour characteristics. Clin Radiol. (2015) 70:706-10. doi: 10.1016/j.crad.2015.02.017

44. Arasu VA, Miglioretti DL, Sprague BL, Alsheik NH, Buist DSM, Henderson LM,
et al. Population-based assessment of the association between magnetic resonance
imaging background parenchymal enhancement and future primary breast cancer risk.
J Clin Oncol. (2019) 37:954-63. doi: 10.1200/JCO.18.00378

45. Niell BL, Abdalah M, Stringfield O, Raghunand N, Ataya D, Gillies R, et al.
Quantitative measures of background parenchymal enhancement predict breast cancer
risk. AJR Am ] Roentgenol. (2021) 217:64-75. doi: 10.2214/AJR.20.23804

46. Liao GJ, Henze Bancroft LC, Strigel RM, Chitalia RD, Kontos D, Moy L, et al.
Background parenchymal enhancement on breast MRI: A comprehensive review. ]
Magn Reson Imaging. (2020) 51:43-61. doi: 10.1002/jmri.26762

47. King V, Brooks JD, Bernstein JL, Reiner AS, Pike MC, Morris EA. Background
parenchymal enhancement at breast MR imaging and breast cancer risk. Radiology.
(2011) 260:50-60. doi: 10.1148/radiol. 11102156

48. Rella R, Bufi E, Belli P, Contegiacomo A, Giuliani M, Rosignuolo M, et al.
Background parenchymal enhancement in breast magnetic resonance imaging: A
review of current evidences and future trends. Diagn Interv Imaging. (2018) 99:815-
26. doi: 10.1016/j.diii.2018.08.011

49. HuX, Jiang L, You C, Gu Y. Fibroglandular tissue and background parenchymal
enhancement on breast MR imaging correlates with breast cancer. Front Oncol. (2021)
11:616716. doi: 10.3389/fonc.2021.616716

50. Dontchos BN, Rahbar H, Partridge SC, Korde LA, Lam DL, Scheel JR, et al. Are
qualitative assessments of background parenchymal enhancement, amount of
fibroglandular tissue on MR images, and mammographic density associated with
breast cancer risk? Radiology. (2015) 276:371-80. doi: 10.1148/radiol.2015142304

51. King V, Gu Y, Kaplan JB, Brooks JD, Pike MC, Morris EA. Impact of
menopausal status on background parenchymal enhancement and fibroglandular
tissue on breast MRI. Eur Radiol. (2012) 22:2641-7. doi: 10.1007/s00330-012-2553-8

52. Sogani J, Morris EA, Kaplan JB, D’Alessio D, Goldman D, Moskowitz CS, et al.
Comparison of background parenchymal enhancement at contrast-enhanced spectral
mammography and breast MR imaging. Radiology. (2017) 282:63-73. doi: 10.1148/
radiol.2016160284

53. Darcey E, McCarthy N, Moses EK, Saunders C, Cadby G, Stone J. Is
Mammographic breast density an endophenotype for breast cancer? Cancers (Basel).
(2021) 13. doi: 10.3390/cancers13153916

54. McCormack VA, Perry NM, Vinnicombe SJ, Dos Santos Silva I. Changes and
tracking of mammographic density in relation to Pike’s model of breast tissue aging: a
UK longitudinal study. Int ] Cancer. (2010) 127:452-61. doi: 10.1002/ijc.25053

55. Gastounioti A, McCarthy AM, Pantalone L, Synnestvedt M, Kontos D, Conant
EF. Effect of mammographic screening modality on breast density assessment: digital

Frontiers in Oncology

10.3389/fonc.2025.1420350

mammography versus digital breast tomosynthesis. Radiology. (2019) 291:320-27.
doi: 10.1148/radiol.2019181740

56. Boyd NF, Guo H, Martin L], Sun L, Stone ], Fishell E, et al. Mammographic
density and the risk and detection of breast cancer. N Engl ] Med. (2007) 356:227-36.
doi: 10.1056/NEJM0a062790

57. McCormack VA, dos Santos Silva I. Breast density and parenchymal patterns as
markers of breast cancer risk: a meta-analysis. Cancer Epidemiol Biomarkers Prev.
(2006) 15:1159-69. doi: 10.1158/1055-9965.EPI-06-0034

58. Burton A, Maskarinec G, Perez-Gomez B, Vachon C, Miao H, Lajous M, et al.
Mammographic density and ageing: A collaborative pooled analysis of cross-sectional
data from 22 countries worldwide. PloS Med. (2017) 14:€1002335. doi: 10.1371/
journal.pmed.1002335

59. Lokate M, Stellato RK, Veldhuis WB, Peeters PH, van Gils CH. Age-related
changes in mammographic density and breast cancer risk. Am ] Epidemiol. (2013)
178:101-9. doi: 10.1093/aje/kws446

60. Lin J, Ye S, Ke H, Lin L, Wu X, Guo M, et al. Changes in the mammary gland
during aging and its links with breast diseases. Acta Biochim Biophys Sin. (2023)
55:1001-19. doi: 10.3724/abbs.2023073

61. Pang JM, Byrne DJ, Takano EA, Jene N, Petelin L, McKinley J, et al. Breast tissue
composition and immunophenotype and its relationship with mammographic density
in women at high risk of breast cancer. PloS One. (2015) 10:e0128861. doi: 10.1371/
journal.pone.0128861

62. Timmermans L, Bleyen L, Bacher K, Van Herck K, Lemmens K, Van Ongeval C,
et al. Screen-detected versus interval cancers: Effect of imaging modality and breast
density in the Flemish Breast Cancer Screening Programme. Eur Radiol. (2017)
27:3810-19. doi: 10.1007/s00330-017-4757-4

63. Boyd NF, Martin L], Yaffe MJ, Minkin S. Mammographic density and breast
cancer risk: current understanding and future prospects. Breast Cancer Res. (2011)
13:223. doi: 10.1186/bcr2942

64. Byrne C, Schairer C, Wolfe J, Parekh N, Salane M, Brinton LA, et al.
Mammographic features and breast cancer risk: effects with time, age, and
menopause status. J Natl Cancer Inst. (1995) 87:1622-9. doi: 10.1093/jnci/87.21.1622

65. Boyd N, Berman H, Zhu J, Martin L], Yaffe MJ, Chavez S, et al. The origins of
breast cancer associated with mammographic density: a testable biological hypothesis.
Breast Cancer Res. (2018) 20:17. doi: 10.1186/5s13058-018-0941-y

66. Martin L], Minkin S, Boyd NF. Hormone therapy, mammographic density, and
breast cancer risk. Maturitas. (2009) 64:20-6. doi: 10.1016/j.maturitas.2009.07.009

67. Balleyguier C, Ayadi S, Van Nguyen K, Vanel D, Dromain C, Sigal R. BIRADS
classification in mammography. Eur ] Radiol. (2007) 61:192-4. doi: 10.1016/
j.ejrad.2006.08.033

68. Lynge E, Vejborg I, Lillholm M, Nielsen M, Napolitano G, von-Euler-Chelpin M.
Breast density and risk of breast cancer. Int ] Cancer. (2023) 152:1150-58. doi: 10.1002/
ijc.34316

69. Olson JE, Sellers TA, Scott CG, Schueler BA, Brandt KR, Serie DJ, et al. The
influence of mammogram acquisition on the mammographic density and breast cancer
association in the Mayo Mammography Health Study cohort. Breast Cancer Res. (2012)
14:R147. doi: 10.1186/bcr3357

70. Kavanagh AM, Byrnes GB, Nickson C, Cawson JN, Giles GG, Hopper JL, et al.
Using mammographic density to improve breast cancer screening outcomes. Cancer
Epidemiol Biomarkers Prev. (2008) 17:2818-24. doi: 10.1158/1055-9965.Epi-07-2835

71. Youk JH, Kim SJ, Son EJ, Gweon HM, Kim JA. Comparison of visual assessment
of breast density in BI-RADS 4th and 5th editions with automated volumetric
measurement. AJR Am ] Roentgenol. (2017) 209:703-08. doi: 10.2214/AJR.16.17525

72. Spak DA, Plaxco JS, Santiago L, Dryden MJ, Dogan BE. BI-RADS((R)) fifth edition: A
summary of changes. Diagn Interv Imaging. (2017) 98:179-90. doi: 10.1016/j.diii.2017.01.001

73. Heller SL, Young Lin LL, Melsaether AN, Moy L, Gao Y. Hormonal effects on
breast density, fibroglandular tissue, and background parenchymal enhancement.
Radiographics. (2018) 38:983-96. doi: 10.1148/rg.2018180035

74. Vierkant RA, Degnim AC, Radisky DC, Visscher DW, Heinzen EP, Frank RD,
et al. Mammographic breast density and risk of breast cancer in women with atypical
hyperplasia: an observational cohort study from the Mayo Clinic Benign Breast Disease
(BBD) cohort. BMC Cancer. (2017) 17:84. doi: 10.1186/s12885-017-3082-2

75. Tice JA, O’'Meara ES, Weaver DL, Vachon C, Ballard-Barbash R, Kerlikowske K.
Benign breast disease, mammographic breast density, and the risk of breast cancer. J
Natl Cancer Inst. (2013) 105:1043-9. doi: 10.1093/jnci/djt124

76. McKian KP, Reynolds CA, Visscher DW, Nassar A, Radisky DC, Vierkant RA,
et al. Novel breast tissue feature strongly associated with risk of breast cancer. J Clin
Oncol. (2009) 27:5893-8. doi: 10.1200/jc0.2008.21.5079

77. Milanese TR, Hartmann LC, Sellers TA, Frost MH, Vierkant RA, Maloney SD,
et al. Age-related lobular involution and risk of breast cancer. J Natl Cancer Inst. (2006)
98:1600-7. doi: 10.1093/jnci/djj439

78. Figueroa JD, Pfeiffer RM, Patel DA, Linville L, Brinton LA, Gierach GL, et al.
Terminal duct lobular unit involution of the normal breast: implications for breast
cancer etiology. J Natl Cancer Inst. (2014) 106. doi: 10.1093/jnci/dju286

79. Sung H, Guo C, Li E, Li J, Pfeiffer RM, Guida JL, et al. The relationship between
terminal duct lobular unit features and mammographic density among Chinese breast
cancer patients. Int ] Cancer. (2019) 145:70-7. doi: 10.1002/ijc.32077

frontiersin.org


https://doi.org/10.1093/jnci/92.13.1081
https://doi.org/10.1093/jnci/92.13.1081
https://doi.org/10.1148/radiol.2018180179
https://doi.org/10.1093/jnci/dju078
https://doi.org/10.1016/j.ultrasmedbio.2017.09.012
https://doi.org/10.1007/s00330-017-5287-9
https://doi.org/10.1007/s00330-017-5287-9
https://doi.org/10.3348/kjr.2022.0099
https://doi.org/10.1016/j.ultrasmedbio.2016.07.012
https://doi.org/10.1186/s12880-021-00687-0
https://doi.org/10.1186/s12880-021-00687-0
https://doi.org/10.1016/j.cmpb.2017.11.008
https://doi.org/10.1016/j.cmpb.2017.11.008
https://doi.org/10.1016/j.clinimag.2015.08.001
https://doi.org/10.1016/j.crad.2015.02.017
https://doi.org/10.1200/JCO.18.00378
https://doi.org/10.2214/AJR.20.23804
https://doi.org/10.1002/jmri.26762
https://doi.org/10.1148/radiol.11102156
https://doi.org/10.1016/j.diii.2018.08.011
https://doi.org/10.3389/fonc.2021.616716
https://doi.org/10.1148/radiol.2015142304
https://doi.org/10.1007/s00330-012-2553-8
https://doi.org/10.1148/radiol.2016160284
https://doi.org/10.1148/radiol.2016160284
https://doi.org/10.3390/cancers13153916
https://doi.org/10.1002/ijc.25053
https://doi.org/10.1148/radiol.2019181740
https://doi.org/10.1056/NEJMoa062790
https://doi.org/10.1158/1055-9965.EPI-06-0034
https://doi.org/10.1371/journal.pmed.1002335
https://doi.org/10.1371/journal.pmed.1002335
https://doi.org/10.1093/aje/kws446
https://doi.org/10.3724/abbs.2023073
https://doi.org/10.1371/journal.pone.0128861
https://doi.org/10.1371/journal.pone.0128861
https://doi.org/10.1007/s00330-017-4757-4
https://doi.org/10.1186/bcr2942
https://doi.org/10.1093/jnci/87.21.1622
https://doi.org/10.1186/s13058-018-0941-y
https://doi.org/10.1016/j.maturitas.2009.07.009
https://doi.org/10.1016/j.ejrad.2006.08.033
https://doi.org/10.1016/j.ejrad.2006.08.033
https://doi.org/10.1002/ijc.34316
https://doi.org/10.1002/ijc.34316
https://doi.org/10.1186/bcr3357
https://doi.org/10.1158/1055-9965.Epi-07-2835
https://doi.org/10.2214/AJR.16.17525
https://doi.org/10.1016/j.diii.2017.01.001
https://doi.org/10.1148/rg.2018180035
https://doi.org/10.1186/s12885-017-3082-2
https://doi.org/10.1093/jnci/djt124
https://doi.org/10.1200/jco.2008.21.5079
https://doi.org/10.1093/jnci/djj439
https://doi.org/10.1093/jnci/dju286
https://doi.org/10.1002/ijc.32077
https://doi.org/10.3389/fonc.2025.1420350
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Li et al.

80. Mullooly M, Nyante SJ, Pfeiffer RM, Cora R, Butcher D, Sternberg L, et al.
Involution of breast lobules, mammographic breast density and prognosis among
tamoxifen-treated estrogen receptor-positive breast cancer patients. J Clin Med. (2019)
8. doi: 10.3390/jcm8111868

81. Ghosh K, Vierkant RA, Frank RD, Winham S, Visscher DW, Pankratz VS, et al.
Association between mammographic breast density and histologic features of benign
breast disease. Breast Cancer Res. (2017) 19:134. doi: 10.1186/s13058-017-0922-6

82. Hada M, Oh H, Fan S, Falk RT, Geller B, Vacek P, et al. Relationship of serum
progesterone and progesterone metabolites with mammographic breast density and
terminal ductal lobular unit involution among women undergoing diagnostic breast
biopsy. J Clin Med. (2020) 9. doi: 10.3390/jcm9010245

83. Oh H, Khodr ZG, Sherman ME, Palakal M, Pfeiffer RM, Linville L, et al. Relation
of serum estrogen metabolites with terminal duct lobular unit involution among
women undergoing diagnostic image-guided breast biopsy. Horm Cancer. (2016)
7:305-15. doi: 10.1007/s12672-016-0265-2

84. Sung H, Koka H, Marino N, Pfeiffer RM, Cora R, Figueroa JD, et al. Association
of genetic ancestry with terminal duct lobular unit involution among healthy women. J
Natl Cancer Inst. (2022) 114:1420-24. doi: 10.1093/jnci/djac063

85. Schedin P. Pregnancy-associated breast cancer and metastasis. Nat Rev Cancer.
(2006) 6:281-91. doi: 10.1038/nrc1839

86. Fornetti J, Martinson HA, Betts CB, Lyons TR, Jindal S, Guo Q, et al. Mammary
gland involution as an immunotherapeutic target for postpartum breast cancer. J
Mammary Gland Biol Neoplasia. (2014) 19:213-28. doi: 10.1007/s10911-014-9322-z

87. Hughes K, Watson CJ. The multifaceted role of STAT3 in mammary gland
involution and breast cancer. Int ] Mol Sci. (2018) 19. doi: 10.3390/ijms19061695

88. Sargeant TJ, Lloyd-Lewis B, Resemann HK, Ramos-Montoya A, Skepper J,
Watson CJ. Stat3 controls cell death during mammary gland involution by regulating
uptake of milk fat globules and lysosomal membrane permeabilization. Nat Cell Biol.
(2014) 16:1057-68. doi: 10.1038/ncb3043

89. Zaragoza R, Garcia-Trevijano ER, Lluch A, Ribas G, Viia JR. Involvement of
Different networks in mammary gland involution after the pregnancy/lactation cycle:
Implications in breast cancer. IUBMB Life. (2015) 67:227-38. doi: 10.1002/iub.1365

90. Elder AM, Tamburini BAJ, Crump LS, Black SA, Wessells VM, Schedin PJ, et al.
Semaphorin 7A promotes macrophage-mediated lymphatic remodeling during
postpartum mammary gland involution and in breast cancer. Cancer Res. (2018)
78:6473-85. doi: 10.1158/0008-5472.Can-18-1642

91. Jindal S, Narasimhan J, Borges VF, Schedin P. Characterization of weaning-
induced breast involution in women: implications for young women’s breast cancer.
NPJ Breast Cancer. (2020) 6:55. doi: 10.1038/s41523-020-00196-3

92. Lyons TR, O’Brien J, Borges VF, Conklin MW, Keely PJ, Eliceiri KW, et al.
Postpartum mammary gland involution drives progression of ductal carcinoma in situ
through collagen and COX-2. Nat Med. (2011) 17:1109-15. doi: 10.1038/nm.2416

93. Guo Q, Minnier J, Burchard J, Chiotti K, Spellman P, Schedin P. Physiologically
activated mammary fibroblasts promote postpartum mammary cancer. JCI Insight.
(2017) 2:¢89206. doi: 10.1172/jci.insight.89206

94. Zhang Q, Sioud M. Tumor-associated macrophage subsets: shaping polarization
and targeting. Int ] Mol Sci. (2023) 24. doi: 10.3390/ijms24087493

95. O’Brien ], Schedin P. Macrophages in breast cancer: do involution macrophages
account for the poor prognosis of pregnancy-associated breast cancer? ] Mammary
Gland Biol Neoplasia. (2009) 14:145-57. doi: 10.1007/s10911-009-9118-8

96. Russo J, Calaf G, Roi L, Russo IH. Influence of age and gland topography on cell
kinetics of normal human breast tissue. ] Natl Cancer Inst. (1987) 78:413-8.
doi: 10.18632/aging.101306

97. Khodr ZG, Sherman ME, Pfeiffer RM, Gierach GL, Brinton LA, Falk RT, et al.
Circulating sex hormones and terminal duct lobular unit involution of the normal
breast. Cancer Epidemiol Biomarkers Prev. (2014) 23:2765-73. doi: 10.1158/1055-
9965.Epi-14-0667

98. Hankinson SE, Eliassen AH. Endogenous estrogen, testosterone and
progesterone levels in relation to breast cancer risk. J Steroid Biochem Mol Biol.
(2007) 106:24-30. doi: 10.1016/j.jsbmb.2007.05.012

99. Fuhrman BJ, Schairer C, Gail MH, Boyd-Morin ], Xu X, Sue LY, et al. Estrogen
metabolism and risk of breast cancer in postmenopausal women. J Natl Cancer Inst.
(2012) 104:326-39. doi: 10.1093/jnci/djr531

100. Seeger H, Wallwiener D, Kraemer E, Mueck AO. Comparison of possible
carcinogenic estradiol metabolites: effects on proliferation, apoptosis and metastasis of
human breast cancer cells. Maturitas. (2006) 54:72-7. doi: 10.1016/
j.maturitas.2005.08.010

101. Shyamala G, Chou YC, Louie SG, Guzman RC, Smith GH, Nandi S. Cellular
expression of estrogen and progesterone receptors in mammary glands: regulation by
hormones, development and aging. J Steroid Biochem Mol Biol. (2002) 80:137-48.
doi: 10.1016/s0960-0760(01)00182-0

102. Rice MS, Tamimi RM, Connolly JL, Collins LC, Shen D, Pollak MN, et al. Insulin-
like growth factor-1, insulin-like growth factor binding protein-3 and lobule type in the
Nurses’ Health Study II. Breast Cancer Res. (2012) 14:R44. doi: 10.1186/bcr3141

103. Salminen A. Increased immunosuppression impairs tissue homeostasis with
aging and age-related diseases. ] Mol Med (Berl). (2021) 99:1-20. doi: 10.1007/s00109-
020-01988-7

Frontiers in Oncology

10

10.3389/fonc.2025.1420350

104. Saint-Germain E, Mignacca L, Vernier M, Bobbala D, Ilangumaran S, Ferbeyre
G. SOCSI regulates senescence and ferroptosis by modulating the expression of p53
target genes. Aging (Albany NY). (2017) 9:2137-62. doi: 10.18632/aging.101306

105. Calabrese V, Mallette FA, Deschénes-Simard X, Ramanathan S, Gagnon J,
Moores A, et al. SOCS1 links cytokine signaling to p53 and senescence. Mol Cell. (2009)
36:754-67. doi: 10.1016/j.molcel.2009.09.044

106. Al-Shanti N, Stewart CE. Inhibitory effects of IL-6 on IGF-1 activity in skeletal
myoblasts could be mediated by the activation of SOCS-3. ] Cell Biochem. (2012)
113:923-33. doi: 10.1002/jcb.23420

107. Salminen A, Kaarniranta K, Kauppinen A. Insulin/IGF-1 signaling promotes
immunosuppression via the STAT3 pathway: impact on the aging process and age-
related diseases. Inflammation Res. (2021) 70:1043-61. doi: 10.1007/s00011-021-
01498-3

108. Oh H, Pfeiffer RM, Falk RT, Horne HN, Xiang J, Pollak M, et al. Serum insulin-
like growth factor (IGF)-I and IGF binding protein-3 in relation to terminal duct
lobular unit involution of the normal breast in Caucasian and African American
women: The Susan G. Komen Tissue Bank. Int | Cancer. (2018) 143:496-507.
doi: 10.1002/ijc.31333

109. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks
of aging. Cell. (2013) 153:1194-217. doi: 10.1016/j.cell.2013.05.039

110. Horne HN, Sherman ME, Pfeiffer RM, Figueroa JD, Khodr ZG, Falk RT, et al.
Circulating insulin-like growth factor-1, insulin-like growth factor binding protein-3
and terminal duct lobular unit involution of the breast: a cross-sectional study of
women with benign breast disease. Breast Cancer Res. (2016) 18:24. doi: 10.1186/
s13058-016-0678-4

111. Walker RA, Martin CV. The aged breast. J Pathol. (2007) 211:232-40.
doi: 10.1002/path.2079

112. Bulun SE, Chen D, Moy I, Brooks DC, Zhao H. Aromatase, breast cancer and
obesity: a complex interaction. Trends Endocrinol Metab. (2012) 23:83-9. doi: 10.1016/
j.tem.2011.10.003

113. Choi J, Cha YJ, Koo JS. Adipocyte biology in breast cancer: From silent
bystander to active facilitator. Prog Lipid Res. (2018) 69:11-20. doi: 10.1016/
j.plipres.2017.11.002

114. Li CM, Shapiro H, Tsiobikas C, Selfors LM, Chen H, Rosenbluth J, et al. Aging-
associated alterations in mammary epithelia and stroma revealed by single-cell RNA
sequencing. Cell Rep. (2020) 33:108566. doi: 10.1016/j.celrep.2020.108566

115. Hanna M, Dumas I, Orain M, Jacob S, Tetu B, Sanschagrin F, et al. Association
between local inflammation and breast tissue age-related lobular involution among
premenopausal and postmenopausal breast cancer patients. PloS One. (2017) 12:
€0183579. doi: 10.1371/journal.pone.0183579

116. Vierkant RA, Hartmann LC, Pankratz VS, Anderson SS, Radisky D, Frost MH,
et al. Lobular involution: localized phenomenon or field effect? Breast Cancer Res Treat.
(2009) 117:193-6. doi: 10.1007/s10549-008-0082-6

117. Figueroa JD, Pfeiffer RM, Brinton LA, Palakal MM, Degnim AC, Radisky D,
et al. Standardized measures of lobular involution and subsequent breast cancer risk
among women with benign breast disease: a nested case-control study. Breast Cancer
Res Treat. (2016) 159:163-72. doi: 10.1007/s10549-016-3908-7

118. Nichols HB, Schoemaker MJ, Cai J, Xu J, Wright LB, Brook MN, et al. Breast
cancer risk after recent childbirth: A pooled analysis of 15 prospective studies. Ann
Intern Med. (2019) 170:22-30. doi: 10.7326/M18-1323

119. Sherman ME, de Bel T, Heckman MG, White L], Ogony J, Stallings-Mann M,
et al. Serum hormone levels and normal breast histology among premenopausal
women. Breast Cancer Res Treat. (2022) 194:149-58. doi: 10.1007/s10549-022-
06600-9

120. Pankratz VS, Degnim AC, Frank RD, Frost MH, Visscher DW, Vierkant RA,
et al. Model for individualized prediction of breast cancer risk after a benign breast
biopsy. J Clin Oncol. (2015) 33:923-9. doi: 10.1200/jc0.2014.55.4865

121. Guo C, Sung H, Zheng S, Guida J, Li E, Li J, et al. Age-related terminal duct
lobular unit involution in benign tissues from Chinese breast cancer patients with
luminal and triple-negative tumors. Breast Cancer Res. (2017) 19:61. doi: 10.1186/
s13058-017-0850-5

122. Henson DE, Tarone RE, Nsouli H. Lobular involution: the physiological
prevention of breast cancer. ] Natl Cancer Inst. (2006) 98:1589-90. doi: 10.1093/jnci/
djj454

123. Ghosh K, Vachon CM, Pankratz VS, Vierkant RA, Anderson SS, Brandt KR,
et al. Independent association of lobular involution and mammographic breast density
with breast cancer risk. J Natl Cancer Inst. (2010) 102:1716-23. doi: 10.1093/jnci/
djq414

124. Kothari C, Diorio C, Durocher F. The importance of breast adipose tissue in
breast cancer. Int ] Mol Sci. (2020) 21. doi: 10.3390/ijms21165760

125. Iyengar NM, Zhou XK, Gucalp A, Morris PG, Howe LR, Giri DD, et al.
Systemic correlates of white adipose tissue inflammation in early-stage breast cancer.
Clin Cancer Res. (2016) 22:2283-9. doi: 10.1158/1078-0432.Ccr-15-2239

126. Garbe JC, Pepin F, Pelissier FA, Sputova K, Fridriksdottir AJ, Guo DE, et al.
Accumulation of multipotent progenitors with a basal differentiation bias during aging
of human mammary epithelia. Cancer Res. (2012) 72:3687-701. doi: 10.1158/0008-
5472.Can-12-0157

frontiersin.org


https://doi.org/10.3390/jcm8111868
https://doi.org/10.1186/s13058-017-0922-6
https://doi.org/10.3390/jcm9010245
https://doi.org/10.1007/s12672-016-0265-2
https://doi.org/10.1093/jnci/djac063
https://doi.org/10.1038/nrc1839
https://doi.org/10.1007/s10911-014-9322-z
https://doi.org/10.3390/ijms19061695
https://doi.org/10.1038/ncb3043
https://doi.org/10.1002/iub.1365
https://doi.org/10.1158/0008-5472.Can-18-1642
https://doi.org/10.1038/s41523-020-00196-3
https://doi.org/10.1038/nm.2416
https://doi.org/10.1172/jci.insight.89206
https://doi.org/10.3390/ijms24087493
https://doi.org/10.1007/s10911-009-9118-8
https://doi.org/10.18632/aging.101306
https://doi.org/10.1158/1055-9965.Epi-14-0667
https://doi.org/10.1158/1055-9965.Epi-14-0667
https://doi.org/10.1016/j.jsbmb.2007.05.012
https://doi.org/10.1093/jnci/djr531
https://doi.org/10.1016/j.maturitas.2005.08.010
https://doi.org/10.1016/j.maturitas.2005.08.010
https://doi.org/10.1016/s0960-0760(01)00182-0
https://doi.org/10.1186/bcr3141
https://doi.org/10.1007/s00109-020-01988-7
https://doi.org/10.1007/s00109-020-01988-7
https://doi.org/10.18632/aging.101306
https://doi.org/10.1016/j.molcel.2009.09.044
https://doi.org/10.1002/jcb.23420
https://doi.org/10.1007/s00011-021-01498-3
https://doi.org/10.1007/s00011-021-01498-3
https://doi.org/10.1002/ijc.31333
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1186/s13058-016-0678-4
https://doi.org/10.1186/s13058-016-0678-4
https://doi.org/10.1002/path.2079
https://doi.org/10.1016/j.tem.2011.10.003
https://doi.org/10.1016/j.tem.2011.10.003
https://doi.org/10.1016/j.plipres.2017.11.002
https://doi.org/10.1016/j.plipres.2017.11.002
https://doi.org/10.1016/j.celrep.2020.108566
https://doi.org/10.1371/journal.pone.0183579
https://doi.org/10.1007/s10549-008-0082-6
https://doi.org/10.1007/s10549-016-3908-7
https://doi.org/10.7326/M18-1323
https://doi.org/10.1007/s10549-022-06600-9
https://doi.org/10.1007/s10549-022-06600-9
https://doi.org/10.1200/jco.2014.55.4865
https://doi.org/10.1186/s13058-017-0850-5
https://doi.org/10.1186/s13058-017-0850-5
https://doi.org/10.1093/jnci/djj454
https://doi.org/10.1093/jnci/djj454
https://doi.org/10.1093/jnci/djq414
https://doi.org/10.1093/jnci/djq414
https://doi.org/10.3390/ijms21165760
https://doi.org/10.1158/1078-0432.Ccr-15-2239
https://doi.org/10.1158/0008-5472.Can-12-0157
https://doi.org/10.1158/0008-5472.Can-12-0157
https://doi.org/10.3389/fonc.2025.1420350
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Relationship between breast tissue involution and breast cancer
	1 Introduction
	2 Composition, development and involution of breast tissue
	2.1 Basic composition of breast tissue
	2.2 Developmental process of breast tissue
	2.3 Involution of breast tissue

	3 Imaging of breast tissue degeneration
	3.1 Mammography
	3.2 Breast ultrasound
	3.3 Magnetic resonance imaging

	4 MD and breast cancer
	5 Breast tissue involution and breast cancer
	5.1 Postpartum breast involution
	5.2 Age-related TDLU involution

	6 Discussion and conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


